Cardiac tissue from swine and canine hearts were assessed using diffuse reflectance near-infrared spectroscopy (NIRS) ex vivo. Slope measured between 800-880 nm reflectance was found to reveal differences between epicardial fat and normal myocardium tissue. This parameter was observed to increase monotonically from measurements obtained from the onset of radiofrequency ablation (RFA). A sheathe-style fiber optic catheter was then developed to allow real-time sampling of the zone of resistive heating during RFA treatment. A model was developed and used to extract changes in tissue absorption and reduced scattering based on the steady-state diffusion approximation. It was found that key changes in tissue optical properties occur during application of RF energy and can be monitored using NIRS. These results encourage the development of NIRS integrated catheters for real-time guidance of the cardiac ablation treatment.
52% chronic success, and the other 24% required medication to be chronically arrhythmia free. It was also noted that medical centers that conduct more RFA procedures for the treatment of AF have higher chronic success rates [5] .
Importantly, the long-term complications associated with delivery of numerous RF lesions are not well reported or studied. Cardiac perforation is one of the most serious complications related to RFA therapy, with a 0.1 to 0.7% incidence [2] . Cardiac perforations have been shown to be associated with high impedance rise. An optical-based monitoring system capable of assessing tissue contact, validating lesion formation, and discerning early signs of overtreatment may help to increase efficacy and reduce complication rates.
Fluoroscopy, low dosage, real-time X-ray, is the standard imaging tool used to guide RFA therapy. Fluoroscopy is used to navigate the ablation catheter to specific areas within the heart chambers and assess cathetertissue contact. Magnetic resonance imaging (MRI) [6, 7] and CT [8, 9] have been used to obtain the three dimensional anatomy of the heart for procedure planning and has been recently used for post procedural evaluation. Structural information provided by these modalities aid in interpreting electrograms and 3D voltage maps. Other than fluoroscopy, echocardiography is the only real-time imaging modality used to monitor and guide RFA therapy [10, 11] . Intracardiac ultrasound has been used to monitor ablation therapy in real time [12] by assessing RFA catheter tissue contact and contact angle [13] , visualizing restenosis of pulmonary veins, and providing feedback for titration of RF energy to reduce incidence of embolic events due to over-treatment of cardiac tissue [14] . In particular, echocardiology is the standard imaging modality for real-time guidance of RFA of atrial fibrillation, to prevent adverse events to the esophagus [15] .
Real-time monitoring and guidance can be further aided with spectroscopy to monitor lesion formation. This is especially important for complex cases such as treatment of atrial fibrillation and ventricular tachycardia. Previous studies have shown that the optical properties of heated myocardium (absorption, scattering and anisotropy coefficients) are significantly different from normal tissue [16] . Optical techniques such as OCT [17] [18] [19] and endoscopy [20] are being explored for RFA monitoring and guidance. NIRS can address unmet clinical needs of cardiac RFA therapy by assessing the contact and contact angle of the RF catheter with the tissue, confirming that a lesion has been formed when RF energy is delivered, detecting early damage, and measuring lesion depth.
Acute success and efficacy of ablation are determined through functional electrophysiology (EP) testing, to ensure that the lesions interrupt conduction. The ability to directly confirm that a lesion has been formed after energy delivery will eliminate ambiguity when EP testing shows that conduction interruption was not achieved, by eliminating the possibility the energy dose failed to result in a lesion. The ability to detect early damage could enable titration of energy delivery and reduce complication rates. Continuous wave diffuse reflectance spectroscopy (DRS) has been shown to provide useful insight in characterizing biological tissues [21, 22] . It is well known that backscattered reflectance changes can vary as a function of sample optical properties. Perturbations in specific regions of the visible and nearinfrared range may largely correspond to tissue absorption and scattering effects, which are understood to be closely related to tissue composition and particle size and density. We therefore hypothesize that DRS in the near-infrared region, or simply NIRS, can be used to characterize cardiac tissue changes during RFA therapy. We present preliminary results in the near-infrared spectroscopy-guided RFA in swine and canine hearts for tissue characterization. In addition, we extend the monitoring of spectral changes to the extraction of change in tissue absorption and reduced scattering using a diffusion-based model.
MATERIALS AND METHODS

Near Infrared Spectroscopy (NIRS) System
A near-infrared spectroscopy (NIRS) system was built in-house and data was acquired under two different configurations in this study. The first configuration employed an 840 nm ± 40 nm LED as a light source and a spectrometer (Thorlabs, Newton, NJ, USA). Light was delivered onto the excised samples via a 400 micron optical fiber. Backscattered light was then routed to the spectrometer by a collection fiber fixed at approximately 1.5 mm from the illumination fiber. Tissue reflectance spectra acquired by this configuration was normalized to measurements obtained from a reflectance standard (Labsphere Inc.). A custom LabView program facilitated system synchronization and spectral data acquisition. For the second configuration, a fiber optic catheter was designed to have a source-detector separation of 3.5 mm. This separation was selected to allow for an inner channel for which the radiofrequency ablation catheter (~ 3 mm in diameter) could be routed into. In addition, the probe geometry enabled a more accurate sampling of the zone of resistive and conductive heating during ablation as compared to the 1.5 mm; because of the small source-detector separation relative to the RF catheter tip, real-time measurements during tissue ablation for configuration 1 was limited to the periphery (lesion rim). Monte Carlo simulations were conducted for photons collected at this source-detector separation to better characterize the mean volume interrogated. A maximum depth of approximately 4-8 mm was determined for the range of optical properties relevant in biological tissues at near-infrared wavelengths. The LED light source was replaced with a Tungsten-Halogen light source in order to obtain diffuse reflectance data over a wider spectral range (650 -900 nm).
Tissue Preparation
Fresh swine and canine hearts (n=3) were acquired through Columbia University's Tissue Sharing Program. Hearts were sectioned for right and left atria and ventricular tissues and were supraperfused in phosphate buffered saline maintained at 37 o C. Optical measurements were taken on normal myocardium for each section with both optical configurations (1.5mm and 3.5mm). A total of 300 Spectra were acquired from normal myocardium, epicardium, epicardial fat, and the ablated myocardium using the 1.5 mm configuration. The spectra were then normalized to a Spectralon measurement and a wavelength dependent linear model was used to fit each spectra between 820-880 nm. Unless otherwise stated, for all ablation used in this study RF energy was then applied for 60 s at 30 W. Spectra acquired during RFA were normalized to the baseline reading and a wavelength dependent linear model was used to fit each spectra between 820-880 nm. The extracted slope values were compared across the hearts for 1.5 mm configuration. Dynamic changes in slope during RF ablation were compared for both configurations. 
Spectral Analysis
Reflectance spectra acquired with the 1.5 mm configuration were first normalized to measurements obtained from a diffuse reflectance standard. The resulting spectra obtained from different myocardial tissue were observed to be relatively linear within the range of 800-880 nm Therefore, the normalized spectra, R norm , were fitted to a wavelengthdependent linear model as described below ( 1 ) where λ is the wavelength in nanometers and a and b is the slope and intercept values, respectively. Extracted slopes were compared were then compared across tissues and during RFA treatment.
A forward model was developed similar to Palmer et. al. to describe diffuse reflectance as a function of optical coefficients of absorption and reduced scattering for the 3.5 mm configuration [23] . In contrast however, a diffusion theory-based model was employed instead of a precalculated, Monte Carlo-based lookup table. Absorption was modeled as a linear combination of oxygenated myoglobin, de-oxygenated myoglobin, metmyoglobin, lipid, and water molar extinction spectra. Scattering was modelled by Mie Theory for a given scatterer density and mean scatterer radius. In order to measure the change in optical properties between normal and ablated endocardium, reflectance from the ablated endocardium was normalized to the pre-ablation spectra. Finally, a least squares minimization was used to fit the normalized spectra to the diffusion-based forward model, keeping chromophore concentration, scatterer density, and mean scatterer radius as free parameters.
RESULTS AND DISCUSSION
We prototyped a NIRS system, which allowed for characterizing cardiac tissue optical properties dynamically with the application of radiofrequency energy. Our system was tested ex vivo within swine and canine hearts within 48 hours after death.
Reflectance spectra were acquired from four different types of swine cardiac tissue normal endocardium, ablated endocardium, normal epicardium, and epicardial fat. Calibrated spectra were fitted to a wavelength-dependent linear model (800-880nm), and slope values were extracted for comparison. Slope values for normal endocardium were approximately 2-3 fold less than that of the ablated values, Figure 2(a) . Epicardial fat slopes were on the order of 1.5 to 2 fold greater than the normal epicardium values. This suggests that without any history, a simple threshold classifier can potentially be used to distinguish these types of cardiac tissue. Slope changes were monitored during radiofrequency ablation at the zone of resistive and conductive heating (3.5 mm configuration) and along the lesion rim (1.5 mm configuration), Figure 3 . Values obtain from the rim show a rise from the onset of treatment and is sustained throughout the time course of the ablation. In contrast, a sharp rise was seen in slopes obtained from within the direct lesion site followed by an immediate plateauing effect. Due to the wider spectral range of the 3.5mm configuration system (650-900nm), a multi-parametric fit was employed which included the known extinction spectra for oxymyoglobin, deoxymyglobin, metmyoglobin, lipid, and water, in addition to a scattering model based on Mie Theory. A diffusion theory-based forward model fitted to the final reflectance spectra post-ablation to determine the net change in scattering and absorption (Figure 4 ) [23] . It was found that majority of absorption changes were induced by an increase in tissue metmyoglobin content. In addition, an increase in reduced scattering was observed primarily caused by an increase in slope. The real-time extraction of optical properties, as shown in Fig. 4 , can provide the clinician with valuable insight into the extent of lesion generation along with tissue composition. Extracting absorption and scattering spectra from normalized reflectance spectra from right atrium myocardium, postablation. Treated tissue reflectance spectra was normalized to the pre-ablated, baseline spectra and fitted to the geometry-specific, diffusion theory-based reflectance model. (a) shows the normalized raw data (red) along with the model fit superimposed (black). (b) shows the extracted absorption and (c) reduced scattering spectra.
It should be noted that ex vivo data may not be completely reflective of changes that occur in vivo tissue for a number of reasons. Increased hemoglobin content, for instance, could increase effective tissue absorption, leading to a reduction in maximum depth of the interrogation as seen from Monte Carlo simulations. However, concentrations of red blood cells in the myocardium in vivo have been previously reported to be between 2-9 % [16] . Nonetheless, future studies will investigate the hemoglobin influence on the metrics obtained for tissue classification. In addition, future studies will be aimed at determining an empirical relationship between tissue optical properties and lesion characteristics. Fresh tissue stained with TTC could expose the extent of RFA induced necrosis thereby revealing lesion depth, a crucial parameter in determining effective lesion generation.
CONCLUSION
In conclusion, we present metrics for discriminating cardiac tissues and monitoring dynamic changes in tissue optical properties during RFA using NIRS. Measurements obtained Results from this study encourage the application NIRS tools for the assessment of myocardium during treatment.
